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Smad4 is a central intracellular effector of TGF-b sig-
naling. Smad-independent TGF-b pathways, such as
those mediated by p38 MAPK, have been identified
in cell culture systems, but their in vivo functional
mechanisms remain unclear. In this study, we inves-
tigated the role of TGF-b signaling in tooth and palate
development and noted that conditional inactivation
of Smad4 in oral epithelium results in much milder
phenotypes than those seen with the corresponding
receptor mutants, Bmpr1a and Tgfbr2, respectively.
Perturbed p38 function in these tissues likewise
has no effect by itself; however, when both Smad4
and p38 functions are compromised, dramatic reca-
pitulation of the receptor mutant phenotypes results.
Thus, our study demonstrates that p38 and Smad4
are functionally redundant inmediating TGF-b signal-
ing in diverse contexts during embryonic organogen-
esis. The ability of epithelium to utilize both pathways
illustrates the complicated nature of TGF-b signaling
mechanisms in development and disease.
INTRODUCTION
TGF-b/BMP signaling plays an important role in pattern forma-
tion and organogenesis (Andl et al., 2004; Chai and Maxson,
2006; Xu et al., 2006). In the craniofacial region, BMP is a critical
regulator of the epithelial-mesenchymal interaction during tooth
development. Epithelial BMP4 induces the expression ofMsx1 in
the dental mesenchyme, then Msx1 further induces Bmp4
expression in the mesenchyme. Ectopic BMP4 can rescue the
defective tooth phenotype in Msx1-deficient mice (Zhao et al.,
2000). BMP4 also induces the expression of p21 and Msx2 in
the dental epithelium and is associated with enamel-knot forma-
tion (Jernvall et al., 1998). Ablation of Bmpr1a in the dental epi-
thelium causes the arrest of tooth development at the early
bud stage (Andl et al., 2004; Liu et al., 2005).
TGF-b signaling also plays an important role in regulating pal-
atogenesis. During mouse palate development, TGF-b1 and
TGF-b3 are expressed in the medial edge epithelium (MEE),
whereas TGF-b2 is expressed in the mesenchyme beneath the
MEE (Fitzpatrick et al., 1990; Pelton et al., 1990). Tgfb3-null mu-
tant mice exhibit cleft palates, with 100%phenotype penetrance322 Developmental Cell 15, 322–329, August 12, 2008 ª2008 Elsev(Kaartinen et al., 1995; Proetzel et al., 1995), and the failure of pal-
atal fusion can be rescued by adding exogenous TGF-b3 in an or-
gan culture model (Brunet et al., 1995; Taya et al., 1999). TGF-b3
is required for the fusion of palatal shelves by inducing apoptosis
in theMEE (Martinez-Alvarez et al., 2000). TGF-b IIR is expressed
inboth theMEEand thecranial neural crest (CNC)-derivedpalatal
mesenchyme (Cui et al., 1998). Ablation of Tgfbr2 in the palatal
mesenchyme compromises cell proliferation and causes com-
plete cleft palate (Ito et al., 2003), whereas ablation of Tgfbr2 in
the palatal epithelial cells suppresses apoptosis and results in
both soft palate cleft and submucosal cleft (Xu et al., 2006).
The canonical TGF-b/BMP signaling pathway includes binding
of the ligand to initiate the assembly of a heteromeric complex of
type II and type I receptors. The activated type I receptor phos-
phorylates the receptor-regulated Smads (R-Smad), which bind
to common Smad (Smad4) and move into the nucleus. In the
nucleus, this Smad complex associates with other transcription
factors to regulate the expression of target genes. Although
Smad4 occupies the central part of this signaling cascade (Mas-
sague, 1998; Pelton et al., 1990), studies with Smad4-deficient
cells, or dominant-negative Smads, support the possibility that
TGF-b/BMP signaling can operate in a Smad4-independent
manner (Derynck and Zhang, 2003). TGF-b can activate mito-
gen-activated protein kinases (MAPK) signaling pathways,
which include extracellular signal-regulated kinase (Erk), c-Jun
N-terminal kinases (JNKs), and p38 kinases pathways (Adachi-
Yamada et al., 1999; Hartsough and Mulder, 1995; Yu et al.,
2002). However, the in vivo mechanism for this Smad4-indepen-
dent TGF-b/BMP signaling pathway and the role of Smad4 in
craniofacial development still remain unclear.
In this study, we inactivated the Smad4 gene in both dental
and palatal epithelium, and we show that Smad4 is required
for the proper patterning of dental cusps. However, ablation of
Smad4 in dental and palatal epithelium does not block early
tooth development or palatal fusion. The p38 MAPK is activated
by TGF-b and can function as a complementary effector to
mediate Smad4-independent TGF-b signaling during tooth and
palate development.
RESULTS
Cre-Mediated Inactivation of Smad4 in the Dental
Epithelium Causes Dental Cusp Patterning Defects
Loss of Smad4 leads to early embryonic mortality by embryonic
day 7 (E7). To bypass this early embryonic lethality and study theier Inc.
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conditional allele (Yang et al., 2002) with K14-Cre transgenic
mice (Andl et al., 2004) to generate K14-Cre;Smad4fl/fl mutant
embryos. At birth, we recovered K14-Cre;Smad4fl/fl pups at the
expected Mendelian frequency. The K14-Cre;Smad4fl/fl mice
died soon after birth and lacked milk in their stomachs.
The K14-Cre transgene directed Cre activity in the dental ep-
ithelium in K14-Cre;R26R samples (Figures 1A–1G). At E12.5,
the lamina stage of tooth development, Cre recombinase is ro-
bustly expressed in every cell in the dental epithelium, as demon-
strated by lacZ staining (Figure 1A). This expression pattern of
Cre recombinase was consistent throughout all stages of tooth
development until birth. Examination of serial sections from
Figure 1. Severe Tooth Defects in K14-
Cre;Smad4fl/fl Mice
(A–G) X-gal staining of K14-Cre;R26 mice. (A)
E12.5, lamina stage. (B) E13.5, bud stage. (C)
E14.5, cap stage. (D) E15.5, stage 23. (E) E16.5,
bell stage. (F) E17.5, stage 25. (G) Newborn.
(H and I) Smad4 (red staining) in the (H) control and
(I) K14-Cre;Smad4fl/fl tooth germ.
(J and K) Hematoxylin and eosin staining of molar
tooth germ from (J) control and (K) K14-Cre;
Smad4fl/fl newborn mice. The arrow indicates the
disorganized cell mass located in the dental
epithelium.
(L–N) BrdU assay in E17.5 (L) control and (M)
K14-Cre;Smad4fl/fl tooth germ. (N) BrdU labeling
index of control and mutant tooth germ. DM, den-
tal mesenchyme; DE, dental epithelia. The error
bars indicate 95% confidence intervals. *p < 0.05.
(O–R) Tooth germ from (O and P) control samples
and (Q and R) K14-Cre;Smad4fl/fl mice cultured
under kidney capsule for 14 days. (P) and (R) are
enlarged views of the dotted boxes in (O) and
(Q), respectively. Arrows in (P) and  indicate am-
eloblast cells. D, dentin; E, enamel. The scale bar
represents 200 mm.
(S–V) Tooth germ from (S and T) control and (U and
V) K14-Cre;Smad4fl/flmice cultured 28 days under
kidney capsule, (S) and (U) show buccal views,
and (T) and (V) show occlusal views. The arrow in
(S) indicates the root. The scale bar represents
1 mm.
E12.5 to newborn mice did not reveal
any b-galactosidase-positive cells in the
dental mesenchyme (Figures 1A–1G and
data not shown), suggesting that this
K14-Cre line can effectively and precisely
mediate gene inactivation in the dental
epithelium. The successful inactivation
of Smad4 was confirmed by immunohis-
tochemical staining by using an antibody
to Smad4. We found that the dental epi-
thelial cells in K14-Cre;Smad4fl/fl tooth
germ were negative for Smad4 (Figures
1H and 1I).
Surprisingly, tooth development pro-
gressed beyond the cap stage without
obvious defects in K14-Cre;Smad4fl/fl
mice. In contrast, tooth development arrested at the early bud
stage in Bmpr1a-deficient mice (Andl et al., 2004; Liu et al.,
2005). At the newborn stage, the dental epithelium of K14-Cre;
Smad4fl/fl mice exhibited severe defects: the differentiation of
the inner enamel epithelium was delayed, no clear dental cusps
were present, and there was a disorganized cell mass located in
the dental epithelium (Figures 1J and 1K). We hypothesized that
altered dental epithelial cell proliferation or apoptosis activity
might have contributed to the disorganization of dental cusp pat-
terning. BrdU incorporation analysis indicated that the Smad4
mice exhibited a significant increase (p < 0.05) in cell proliferation
in the dental epithelium (Figures 1L–1N). Because the Smad4
mice could not survive after birth, we cultured the tooth germDevelopmental Cell 15, 322–329, August 12, 2008 ª2008 Elsevier Inc. 323
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Redundancy of Smad4 and p38 in TGF-b SignalingFigure 2. Dental Cusp Patterning Gene Expression Analyses by In Situ Hybridization
(A–L) (A and G)Msx2 is expressed in the dental epithelium (arrow) and dental mesenchyme (*) in control tooth germ. (B and H)Msx2 expression is undetectable in
K14-Cre;Smad4fl/fl dental epithelium. (C and D) Expression of Shh in control andK14-Cre;Smad4fl/fl tooth germ is comparable at E14.5. (I and J) Shh expression is
significantly reduced in K14-Cre;Smad4fl/fl tooth germ at E16.5. (E and K) Fgf4 is expressed in both primary and secondary enamel knots in control tooth germ.
(F and L) Fgf4 is not detectable in the K14-Cre;Smad4fl/fl tooth germ.
(M and N) p21 is expressed in the primary enamel knot of both control and K14-Cre;Smad4fl/fl tooth germ (arrow).
(O–R) Mandibular organ culture with the p38 inhibitor SB203580. In the control sample, (O) tooth germ successfully developed to the cap stage after 3 days, and
(Q) the primary enamel knot formed, as assayed by p21 expression (arrow). (P and R) The K14-Cre;Smad4fl/fl tooth germ is arrested at the bud stage, and there is
no p21 expression.by using kidney capsule grafting in order to investigate the bio-
logical function of Smad4 signaling in regulating postnatal tooth
development. After 2 weeks of culture, some mutant dental ep-
ithelial cells differentiated into ameloblasts and formed enamel
matrix, which suggests that Smad4 is dispensable for amelo-
blast differentiation (Figures 1Q and 1R). However, the Smad4
mutant tooth germ showed severe defects in the patterning of
the dental cusps (Figures 1Q and 1R), compared with the control
samples (Figures 1O and 1P). After 4 weeks of culture, control
tooth germ developed into a well-formed tooth (Figures 1S and
1T). In contrast, Smad4 mutant tooth germ failed to form dental
cusps (Figures 1U and 1V); only a fragment of tooth-like structure
can be identified.
Defective Patterning of the Dental Epithelium
in K14-Cre;Smad4fl/fl Tooth Germ
To investigate the patterning defects in the K14-Cre;Smad4fl/fl
dental cusps, we performed gene marker analyses in control
and K14-Cre;Smad4fl/fl molar tooth germ.Msx2 and Shh, down-
stream targets of BMP signaling, were downregulated in K14-
Cre;Smad4fl/fl tooth germ. In the control tooth germ, Msx2 was
expressed in both dental epithelium and mesenchyme (Figures
2A and 2G). Msx2 expression was completely absent in the
K14-Cre;Smad4fl/fl mutant dental epithelium, whereas the ex-
pression level in the dental mesenchyme remained comparable324 Developmental Cell 15, 322–329, August 12, 2008 ª2008 Elsevto that in the control tooth germ (Figures 2B and 2H).Shhwas ex-
pressed in the primary enamel knot during the cap stage in con-
trol tooth germ (Figure 2C). As tooth development progressed,
Shh expression extended into the entire inner enamel epithelium
and stratum intermedium (Figure 2I). In the K14-Cre;Smad4fl/fl
mutant tooth germ, Shh expression was fairly comparable to
what was seen in control sample at E14.5 (Figure 2D), but it failed
to extend in the later stage (Figure 2J). Fgf4, which is specifically
expressed in enamel knots, was not expressed in the K14-Cre;
Smad4fl/fl tooth germ, indicating that enamel-knot formation
was deficient in Smad4 mutant tooth germ (Figures 2E, 2F, 2K,
and 2L).
Smad4 and p38 MAPK Function Redundantly
to Regulate Early Tooth Development
The development of tooth germ in K14-Cre;Smad4fl/fl mice was
fairly comparable morphologically to that of control sample at
E14.5. Moreover, we detected p21 expression in the enamel-
knot area (Figures 2M and 2N). Previous studies have indicated
that members of the TGF-b superfamily can activate Smad4-
independent signaling cascades, such as MAPK pathways
(Derynck and Zhang, 2003; Yu et al., 2002). Although there are
three subgroups of theMAPK superfamily (JNK, p38, ErkMAPK),
p38 MAPK is the only one that has been implicated to date
in TGF-b-superfamily signal transduction in Drosophila wingier Inc.
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Redundancy of Smad4 and p38 in TGF-b SignalingFigure 3. TGF-b Is Required for the Activa-
tion of p38 MAPK in the Palatal Epithelium
(A– H) (A–D) By immunohistochemistry, p38MAPK
is detected in both (A and B) control and (C and D)
K14-Cre;Tgfbr2fl/flmutant palatal epithelium. (E–H)
Phospho-p38MAPK can only be detected in the (E
and F) control palatal epithelium, but not in the (G
and H) K14-Cre;Tgfbr2fl/fl mutant palatal epithe-
lium. Arrows indicate positive signals in the palatal
epithelium. The open arrows in (G) and (H) indicate
epithelial cells that were negative for phospho-p38
MAPK. The red, broken line indicates the persis-
tent MEE cells.morphogenesis (Adachi-Yamada et al., 1999). We hypothesized
that a similar signaling scenario might be operative in regulating
mammalian organogenesis. To test whether p38 MAPK can me-
diate Smad4-independent BMP signaling in tooth development,
we blocked p38 activity by using the imidazole compound
SB203580, a p38 MAPK-specific inhibitor, in our mandibular
organ culture model. Control tooth germ from E12.5 embryos
developed from the bud to the cap stage, as validated by posi-
tive p21 expression after 3 days of culture in the presence of
the p38 MAPK inhibitor (n = 20) (Figures 2O and 2P). In contrast,
the development of K14-Cre;Smad4fl/fl tooth germ was arrested
at the bud stage after the addition of SB203580, as judged by the
lack of p21 expression in the enamel epithelium (Figures 2Q and
2R). The same effect was seen in all 12 K14-Cre;Smad4fl/fl man-
dible explants. To rule out the possibility that the arrested tooth
phenotype in K14-Cre;Smad4fl/fl tooth germ was due to delayed
development, we also extended the culture time to 5 days; the
K14-Cre;Smad4fl/fl tooth germ treated with SB203580 was still
arrested at the bud stage (data not shown).
Smad4 Is Dispensable for Palatal Fusion
in the Epithelium
Loss of Tgfb3 or tissue-specific inactivation of Tgfbr2 or Tgfbr1 in
the palatal epithelium results in cleft palate with complete pheno-
type penetrance (Xu et al., 2006; Dudas et al., 2006; Kaartinen
et al., 1995). Interestingly, however, palatal epithelial tissue-spe-
cific inactivation ofSmad4 did not adversely affect palatal fusion.
At birth, the palate formed normally in K14-Cre;Smad4fl/flmutant
mice (Figures S1A and S1B, available online). Histological anal-
ysis revealed confluent palatal mesenchyme without any residue
of epithelial cells at the midline in both control and K14-Cre;
Smad4fl/flmice (Figures S1C and S1D). Moreover, we confirmed
that we had specifically and completely eliminated Smad4 from
the palatal epithelium prior to palatal fusion, as judged by immu-
nohistochemical analysis (Figures S1E and S1F). These data
strongly suggest that a Smad4-independent pathway is also
involved in regulating palatogenesis.
Smad4 and p38 MAPK Function Redundantly
to Regulate TGF-b-Induced Palatal Fusion
Prior to palatal fusion, p38 MAPK was mainly expressed in pala-
tal epithelial cells, whereas therewas only sporadic expression inDevelothe palatal mesenchyme (Figures 3A and 3B). When we blocked
TGF-b signaling in K14-Cre;Tgfbr2fl/fl mice, p38 MAPK expres-
sion was not affected in the developing palate, implying that
the expression of p38 MAPK is not dependent upon TGF-b sig-
naling (Figures 3C and 3D). Significantly, p38 MAPK was acti-
vated in the palatal epithelium prior to palatal fusion, as indicated
by anti-phospho-p38 MAPK staining (Figures 3E and 3F). In the
absence of TGF-b signaling, however, we failed to detect the
activation of p38 MAPK in the palatal epithelium of K14-
Cre;Tgfbr2fl/fl mice (Figures 3G and 3H), suggesting that TGF-b
signaling is required for the activation of p38MAPK activity in the
palatal epithelium.
To test whether p38 MAPK is required as a Smad4-indepen-
dent TGF-b signaling effector during palatal fusion, we con-
ducted experiments with the palatal organ culture model with
either siRNA or SB203580 to inactivate p38 MAPK activity. Our
control experiment showed that siRNA can effectively enter the
palatal epithelium prior to fusion (Figure 4G), and that siRNA
treatment alone will not interfere with the palatal fusion process
in vitro (Figure S2). The treatment of palatal explants with p38
MAPK siRNA significantly reduced the expression level of
p38 MAPK in the palatal explants (Figures 4H and 4I). Blocking
p38 MAPK activity in control samples with the addition of siRNA
did not affect palatal fusion (n = 13) (Figures 4A and 4D). In
contrast, inactivation of p38 MAPK in K14-Cre;Smad4fl/fl sam-
ples resulted in the failure of palatal fusion and the persistence
of midline epithelial cells (n = 7) (Figures 4B and 4E), a phenotype
identical to the palatal fusion failure seen in K14-Cre;Tgfbr2fl/fl
samples (Figures 4C and 4F).
In parallel, inactivation of p38 MAPK in control samples with
the addition of SB203580 did not affect palatal fusion in vitro
(n = 14) (Figures 4J and 4M). When we added SB203580 to K14-
Cre;Smad4fl/fl samples in culture, palatal fusion was retarded
and midline epithelial cells persisted (n = 18) (Figures 4K, 4L,
4N, and 4O). This phenotype is indistinguishable from that of
the K14-Cre;Tgfbr2fl/fl mutant sample (Figures 4C and 4F). To
further clarify whether p38 MAPK functions downstream of
TGF-b signaling, we cultured Tgfb3/;K14-Cre;Smad4fl/fl com-
pound mutant palatal shelves. Exogenous TGF-b3 is still able to
rescue the palatal fusion in these compoundmutant samples (n =
2) (Figures 4R and 4U), implying that TGF-b signaling can still be
transmitted successfully in the absence of Smad4. However, inpmental Cell 15, 322–329, August 12, 2008 ª2008 Elsevier Inc. 325
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Redundancy of Smad4 and p38 in TGF-b SignalingFigure 4. Smad4 and p38 MAPK Are Functionally Redundant in Mediating TGF-b Signaling during Palatal Fusion
(A–Z) Haematoxylin and eosin staining shows (A and D) control palatal shelves treated with p38 MAPK siRNA fused after 3 days culture. The boxed area in (A) is
enlarged and shown as (D). (B and E) K14-Cre;Smad4fl/flmutant palatal shelves treated with p38 MAPK siRNA show persistence of MEE cells in the palate after 3
days of culture. (C and F) Palatal culture (without inhibitor in the medium) of K14-Cre;Tgfbr2fl/fl shows the persistence of MEE cells. (G) Fluorescent detection of
control siRNA in palatal epithelium (green fluorescent protein). (H) Western blot analysis shows that p38 MAPK is knocked down by siRNA in the palatal culture
system (lanes 1–3, protein extracted from siRNA-treated samples [experiments were repeated three times]). Epi, palatal epithelium; mes, palatal mesenchyme;
palate, whole palate. (I) The p38MAPK expression level is significantly knocked down by siRNA treatment (the error bar indicates a 95% confidence interval; *p <
0.01). The values were expressed relative to that of control. (J and M) After 3 days of culture with SB203580, control E13.5 palatal shelves fused. (K, L, N, and O)
K14-Cre;Smad4fl/fl mutant palatal shelves show the persistence of MEE cells (arrow) after 3 days of culture with SB203580. (L and O) lacZ staining. (P and S)
Exogenous TGF-b3 can rescue Tgfb3/;Smad4fl/+ palatal fusion in medium containing SB203580. (Q and T) Exogenous TGF-b3 fails to rescue Tgfb3/;
K14-Cre;Smad4fl/fl palatal fusion in medium containing SB203580. (R and U) Exogenous TGF-b3 can rescue Tgfb3/;K14-Cre;Smad4fl/fl palatal fusion. (V–Z)
In situ hybridization of p21 in palatal shelves of (V) control, (W) K14-Cre;Tgfbr2fl/fl, and (X) K14-Cre;Smad4fl/flmice, untreated or cultured with SB203580; (Y) con-
trol sample; (Z) K14-Cre;Smad4fl/fl sample. Dark blue indicates p21 expression. The arrow indicates MEE cells.the presence of SB203580, exogenous TGF-b3 failed to rescue
palatal fusion in Tgfb3/;K14-Cre;Smad4fl/fl samples (n = 3)
(Figures 4Q and 4T). On the other hand, inhibition of p38
MAPK did not prevent exogenous TGF-b3 from restoring palatal
fusion in Tgfb3/ mutant palatal shelves (n = 5) (Figures 4P
and 4S).
Apoptosis is a major fate of palatal shelf midline epithelial cells
in which p21 is expressed prior to palatal fusion (Figure 4V). In
K14-Cre;Tgfbr2fl/fl mice, we detected diminished apoptosis in
the epithelium prior to fusion and persistence of the epithelial
seam, but we failed to detect p21 expression (Figure 4W). These
data suggest that TGF-b signaling is required for p21 expression
in order to induce apoptosis in epithelial cells. Interestingly,
neither tissue-specific inactivation of Smad4 in the palatal326 Developmental Cell 15, 322–329, August 12, 2008 ª2008 Elsevepithelium nor blocking p38 MAPK by SB203580 affects p21
expression (Figures 4X and 4Y). We were only able to prevent
p21 expression when we blocked p38 MAPK activity in the
K14-Cre;Smad4fl/fl sample (n = 8), a combination that led to the
persistence of midline epithelium (Figure 4Z). These data dem-
onstrate that Smad4-dependent and -independent pathways
are critical and functionally redundant in mediating TGF-b-in-
duced p21 expression and apoptotic activity in palatal epithelial
cells prior to palatal fusion.
DISCUSSION
Smad4 is crucial for dental epithelium patterning. Disrupting the
BMP signaling pathway by eliminating Smad4 in the dentalier Inc.
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downstream targets of BMP signaling and are essential for the
patterning of dental cusps (Bei et al., 2004; Dassule et al.,
2000). However, eliminating Smad4 alone is not sufficient to
block BMP signaling in the dental epithelium during early tooth
development, since it does not recapitulate theBmpr1a inactiva-
tion mutation phenotype. In this study, we show that p38 MAPK
functions redundantly with Smad4 to mediate BMP signaling
during tooth development, and that tooth development can
only be arrested at the bud stage by blocking both Smad4 and
p38 MAPK. This functional redundancy is in sharp contrast to
the result of loss of Smad4 in the CNC-derived dental mesen-
chyme, in which tooth development is retarded at the dental lam-
inar stage (prior to the bud stage). Thus, there is an absolute re-
quirement for Smad4 in the CNC-derived dental mesenchyme. In
addition, Smad4-mediated TGF-b/BMP signaling is required for
the homeobox gene patterning of oral/aboral and proximal/distal
domains within the first branchial arch (Ko et al., 2007). There-
fore, in the CNC-derived mesenchyme, TGF-b/BMP signals
rely on Smad4-dependent pathways to mediate epithelial-mes-
enchymal interactions that control craniofacial organogenesis.
Previous studies have shown that BMP4 signaling is critical for
mediating cell death in the enamel knot, whereas Msx1-medi-
ated BMP signaling is critical for cell proliferation in the dental
mesenchyme (Chai and Maxson, 2006; Thesleff and Sharpe,
1997). Taken together, the temporal and tissue-specific activa-
tion of Smad4-dependent or -independent BMP signaling path-
ways may regulate different downstream target genes and con-
tribute to the diverse functional outcomes of BMP signaling in
regulating the fate of dental epithelial and CNC-derived mesen-
chymal cells during tooth development.
p21, a cyclin-dependent kinase inhibitor that inhibits cell pro-
liferation at the G1/S transition, is a well-documented down-
stream target gene for TGF-b/BMP signaling (Hu et al., 1999). It
is considered a differentiation marker for the cells of the primary
enamel knot during tooth development (Jernvall et al., 1998). It is
also expressed exclusively in the MEE cells within the palatal
shelf during palatogenesis. Our study shows that inactivation
of Tgfbr2 in theMEEcells leads to downregulation ofp21 and fail-
ure of palatal fusion. These results further confirm that p21works
downstream of TGF-b signaling during palatogenesis. However,
in the absence of Smad4, the expression of p21 is unchanged
and palatal shelves can fuse without any obvious defects. After
blocking p38 MAPK, p21 expression is reduced and palatal fu-
sion is compromised in the K14-Cre;Smad4fl/fl mice. Clearly,
p21 expression and palatal fusion are controlled by two parallel
signals: Smad4 and p38 MAPK. The results of culture experi-
mentswith Tgfb3/;K14-Cre;Smad4fl/fl compoundmutant pala-
tal shelves suggest that p38 MAPK is activated by TGF-b and is
required specifically for transducing TGF-b signaling. Equally im-
portant, our study shows that p38 MAPK is specifically ex-
pressed in the palatal epithelium. TGF-b signaling is required
for the activation of p38 MAPK, whereas it is not required for
p38 expression. We have provided multiple lines of evidence
that only simultaneous inactivation of Smad4 and p38 MAPK
can completely block TGF-b signaling in the palatal epithelium.
Thus, we conclude that Smad4-dependent and -independent
pathways are critical and functionally redundant in mediating
TGF-b-induced p21 activity in palatal epithelial cells.DevelopThe discovery of Smad4-dependent and -independent TGF-b/
BMP signaling in the regulation of tooth and palate development
has broad implications. The functional redundancy of Smad4-
dependent and -independent TGF-b/BMP signaling may be
used as a general mechanism in regulating organogenesis and
parallels recent findings regarding the mechanism of TGF-b sig-
naling in cancer cell development. For example, Smad4-depen-
dent and -independent TGF-b signaling play an important role in
the fate determination of mouse mammary gland epithelial cells
and other tumor cells (Derynck and Zhang, 2003; Yu et al., 2002).
Studies with overexpression of dominant-negative components
of the Rho pathways or pharmacologic inhibitors of p38MAPK
suggest that TGF-b signaling can be mediated through the
Smad4-independent pathway to control the fate of tumor cells
in the proinvasive and metastatic states (Bhowmick et al.,
2001; Dumont and Arteaga, 2003; Tian et al., 2004). Collectively,
these studies highlight the ability of the ectoderm to use Smad4
and p38 MAPK as redundant effectors for TGF-b/BMP signaling
and underscore the involvement of diversified Smad4-depen-
dent and -independent TGF-b signaling networks in regulating
development and disease.
EXPERIMENTAL PROCEDURES
Generation and Analysis of Transgenic Mice
Male mice carrying the K14-Cre allele (Andl et al., 2004) were crossed with
females carrying the R26R conditional reporter allele (Soriano, 1999) to gener-
ate K14-Cre;R26R embryos. K14-Cre mice were also crossed with Smad4fl/fl
females (Yang et al., 2002) to generate K14-Cre;Smad4fl/+ mice. The male
K14-Cre;Smad4fl/+ mice were mated with Smad4fl/fl female mice to generate
K14-Cre;Smad4fl/fl null alleles. K14-Cre;Tgfbr2fl/flmice were generated as pre-
viously described (Xu et al., 2006). ThemaleK14-Cre;Smad4fl/+mice were also
mated with Tgfb3+/ female mice (Proetzel et al., 1995) to generate Tgfb3+/;
K14-Cre;Smad4fl/+ mice and Tgfb3+/;Smad4fl/+ mice. Tgfb3/;K14-Cre;
Smad4fl/fl embryos were produced by crossing Tgfb3+/;K14-Cre;Smad4fl/+
and Tgfb3+/;Smad4fl/+ mice. Detection of b-galactosidase activity in tissue
sections, cell proliferation, immunohistochemistry, and histological analyses
were carried out as previously described (Chai et al., 2000; Xu et al., 2006).
The specific anti-Smad4 antibody was purchased from Santa Cruz (cat# sc-
7966), and anti-p38 MAPK and anti-phospho-p38 MAPK antibodies were
purchased from Cell Signaling (cat# 9212 and 4631, respectively).
Organ Cultures and Kidney Capsule Grafting
Timed-pregnant mice were sacrificed on postcoital day 11.5 (for mandible cul-
ture) or 13.5 (for palatal culture). Genotyping was carried out as previously de-
scribed. Themandibles or palatal shelves were microdissected and cultured in
serum-less, chemically defined medium. SB203580 (Sigma) was added into
the medium for the experimental groups at a final concentration of 15 mM.
For TGF-b3, the final concentration was 10 ng/ml (R&D systems). Tissues
were harvested after 3 days of culture for further processing. Kidney capsule
grafting was carried out as previously described (Xu et al., 2005).
siRNA Transfection in Palatal Culture System
E13.5 palatal shelves were cultured in serum and antibiotic-free medium for
4 hr as previously described. The medium was then replaced with siRNA-con-
taining medium. siRNA-containing medium was prepared under the following
procedures (modified from the manufacture’s protocol): a total of 200 ml se-
rum-free medium was added to a clean, sterile microfuge tube; then, 4 ml
Transfection Reagent (TransIt-TKO, Mirus) was added to the tube, and the so-
lution wasmixed by pipetting up and down; the solution was then incubated at
room temperature for 5 min. A total of 12 ml stock p38 MAPK siRNA (Cell Sig-
naling, cat# 6386 or 6385 for kit) was added to the microfuge tube, and the so-
lution was mixed by pipetting up and down gently. The solution was incubated
for 5 min at room temperature. A total of 1000 ml serum-free medium wasmental Cell 15, 322–329, August 12, 2008 ª2008 Elsevier Inc. 327
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Redundancy of Smad4 and p38 in TGF-b Signalingadded to yield a final concentration of 100 nM. Cultured palatal tissues were
harvested after 48 hr for western blot or real-time PCR procedures, or tissues
were collected after 72 hr for histological analyses.
Quantitative PCR Analysis
Total RNA from the cultured palatal shelves was extracted by using an RNeasy
mini kit and was treated with RNase-free DNase I (QIAGEN) by following the
manufacturer’s protocol. Superscript III with an oligo(dT)20 primer (Invitrogen)
was used for the first-strand synthesis. We carried out real-time RT-PCR on
the iCycler (Bio-Rad; Hercules, CA) with gene-specific primers and with
SYBR Green. All reactions were performed under the following cycling proto-
col: 3 min heat start at 95C and 40 cycles of denaturation at 95C for 1 min,
annealing and extension at 60C for 1 min. We normalized relative expression
ratios to b-actin. Primer sequences for p38 MAPK (50-TGACCCTTATGAC
CAGTCCTTT-30 and 50-GTCAGGCTCTTCCACTCATCTAT-30) were obtained
from the Primer Bank (http://pga.mgh.harvard.edu/primerbank/index.html).
Western Analysis
Palatal shelf explants were collected after 48 hr of culture with p38 MAPK
siRNA. Palatal shelves were also collected from E13.5 embryos. Ten pairs of
palatal shelves from E13.5 embryos were treated with Dispase I (Roch Diag-
nostics cat# 04942086) on ice with a final concentration of 2 U/ml for 1 hr,
then palatal epithelium was separated frommesenchyme and pooled together
for protein extraction. Protein samples were loaded in each well of a 12%poly-
acrylamide gel. Electrophoresis was carried out in a modular mini-Protean II
electrophoresis system (Bio-Rad). Protein was then transferred to a Millipore
Immobilon-P membrane by using a Bio-Rad mini-trans-blot electrophoretic
transfer cell. Equal transfer efficiency was confirmed by Coomassie blue stain-
ing. Anti-p38 MAPK antibody was purchased from Cell Signaling (cat# 9212).
Bovine serum albumin was used as a negative control and was not recognized
by any of the antibodies tested.
In Situ Hybridization
In situ hybridizations were performed by following standard procedures.
Digoxigenin-labeled antisense probes were generated from mouse cDNA
clones that were kindly provided by several laboratories: Fgf4, Y. Chen;
Msx2, R. Maxson; p21, I. Thesleff; and Shh, A. McMahon.
SUPPLEMENTAL DATA
Supplemental Data include two figures that show that K14-Cre;Smad4fl/flmice
do not have palate defects and that siRNA treatment alone does not interfere
with palatal fusion and are available at http://www.developmentalcell.com/
cgi/content/full/15/2/322/DC1/.
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